I. INTRODUCTION
The Electrical power generated and distributed to the loads by electrical power system is considered to be of excellent quality when voltage and current wave shapes are pure sinusoidal of fixed frequency. Any significant deviation in the magnitude of voltage, current and frequency or their waveform purity may result in a power quality problem.
In recent years power electronic converters are widely used in industrial as well as domestic applications for the control of power flow for automation and energy efficiency. Commercial facilities such as office complex, departmental stores, hospitals, data centers etc. use high efficiency fluorescent lighting with electronic ballasts which employ switch mode power supply, single phase SMPS, battery chargers, rectifiers, inverters, three phase power converter fed drives, arc furnaces, arc welding, discharge lighting and saturable reactors are the examples of non-linear loads .
All these loads draw the non sinusoidal currents resulting in current harmonics
Harmonic currents produced by non-linear loads are injected back into the supply systems. These currents can interact adversely with power system equipments such as capacitors, transformers, motors, energy and demand metering causing additional losses, overheating and overloading. These harmonic currents can cause interference with telecommunication lines and also affect Pramod Agarwal is a professor in Electrical engineering Department, Indian Institute of Technology Roorkee-247667, India(emailpramgfee@iitr.ernet.in).
the normal working of computers, telephone systems, controllers, sophisticated electronic equipments.
There are number of devices available to control harmonic distortion. Passive filters are used for harmonic mitigation due to their advantages of simplicity, low cost and easy maintenance. But, disadvantages that these filters introduce are numerous as; the filter can be overloaded, parallel resonance with network impedance, de-tuning of harmonic frequency with aging of passive components, high current rating of series filter, and the filtering characteristics are dependent on the source impedance which is not exactly known.
Generally active power filters are seen as a viable alternative over the classical passive filters to compensate harmonics and reactive power requirement of nonlinear loads [1] [2] . It acts as a harmonic current source which injects an anti-phase but equal magnitude of the harmonic and reactive load current. As a result components of harmonic currents contained in the load current are cancelled and the source current remains sinusoidal and in phase with the respective phase to neutral voltage. Fig.1a shows the basic principle of a shunt active filter, which is controlled into a closed loop manner to actively shape the source current into sinusoid. In Fig.1b the current and voltage waveforms are shown in case of shunt active power filter (SAPF). The load is assumed a three phase diode rectifier with an inductive load. The SAF injects the compensating current Ic into the line to cancel the harmonics contained in the load current. The active filters are also called as active power line conditioner as these are able to compensate current and voltage harmonics, reactive power, Many technical papers related with active power filter have been presented during last two decade, most of them dealt with their principles of operation, design of control schemes and presentation of different techniques to calculate the reference signals required by the control scheme and do not address the limitations in medium and high voltage application. Nowadays many controlled processes in industry are being carried out at high voltage levels and high voltage drives are being extensively used; application of active power filter in high voltage system has become an important and interesting issue. But the current active filters have limitations in medium and high voltage applications due to semiconductor reverse voltage rating constraint, the necessity of switching high voltage and high current causes high power loss, high level of a dv/dt associated to the communication system, generating EMI as well as insulation degradation in electronic and electrical systems [3] .
Active power filter can be used in high voltage system by two ways. In one way series connected semiconductor switches can be used but this configuration faces problems of unbalanced static and dynamic voltage sharing due to spread of device characteristic and mismatch of drive circuit. It further requires large number of snubber components which causes additional losses and affect reliability. The second way is use of step up transformer with active power filter. In Fig. 2 one method to use APF with transformer in high voltage system is shown, in which two secondary windings transformer is used [4] . One secondary is used for non linear load and second is used to feed filter current to make source side current, harmonic free. But this scheme requires two secondary windings transformer. Fig.3 shows another configuration to use two level inverter APF in high voltage system. In this, the VA rating of transformer required is much higher than the rms VA rating of system due to harmonic reactive power. The use of transformer also causes difficulties in control due to DC magnetizing and surge overvoltage problems resulting from saturation of the transformers in transient states. Similarly there will be high magnitude of current on low voltage side and cause more losses. High rating transformers also occupy a large area i.e. about 40% of the total system space. Thus the use of transformer results in costly and bulky system. High voltage inverters development based on multilevel inverter has attracted the attention of power electronics community, especially for motor drive applications and reactive power compensation. Multilevel PWM inverters can be connected to high voltage sources without coupling transformer.
II. TOPOLOGIES OF MULTILEVEL INVERTYERS
The multilevel inviter circuits have been around for more than 30 years. In 1975 [5] , the cascade inverter was first defined with a format that connects separately dc source full bridge cells in series to synthesize a stair case ac output voltage. Although cascade inverter was invented earlier, its application didn"t prevail until the mid 1990s. Two major patents [6] [7] were filed to introduce the superiority of cascade inverter for motor drive and utility applications.
Multilevel inverters include an array of power semiconductors and capacitors. The commutation of the switches permits the summation of capacitor voltages, which reach high voltages at the output, while the power semiconductors must withstand only reduced voltages. Following are different multilevel inverter topologies [8] - [12] A) Diode clamped B) F lying capacitor C) Cascade H-bridge
A. Diode clamped multilevel inverter.
An m level diode clamp converter typically consists of (m-1) capacitors on the dc bus and produces m levels of the phase voltage [13] - [17] . Fig.4 Shows a single phase three level diode-clamped inverter. The capacitors C1 and C2 are used to split the dc-bus voltage into three levels with middle point n as the neutral point. The output voltage van has three states: Vdc/2, 0 andVdc/2. For voltage level Vdc/2, switches S1 and S2 to be turned on; for -Vdc/2 switches S1" and S2" should be turn on and for 0 level S2 and S1" need to be turned on . Diodes D1 and D1" clamp the switch voltages to half the level of the dc-bus voltage. When both S1 and S2 turn on, the voltage across a and 0 is Vdc. In this case, D1" balances out the voltage sharing between S1" and S2" with S1" blocking the voltage across C1 and S2" blocking the voltage across C2. Fig.5 . shows the active power filter based on three levels neutral point clamped (NPC) voltage source inverter [18] . The three level NPC inverter output voltage must be able to generate an output current that follows the respective reference current which contain harmonic and reactive component required by the load [19] - [21] .
In case of diode clamped inverter as the number of levels increases the circuit configuration becomes more complicated. Although each active switching device is only required to block a voltage level of Vdc/ (m-1), the clamping diodes need to have different voltage rating for reverse voltage blocking. If the blocking voltage rating of each diode is same as the active device rating, number of diodes required for each phase will be (m-1)*(m-2). When m is very high, number of diodes required will make the system impractical to implement. The conduction periods of S1 and S2 are also different and such an unequal conduction duty requires different current rating for switching devices. In flying capacitor multilevel inverter (FCMLI) output voltage synthesis is performed by turning on switches so that addition or subtraction of the capacitor voltages takes place [22] - [24] . Three level flying capacitor inverter is shown in Fig.6 , in which the independent capacitor clamps the device voltage to one capacitor voltage level. Output across a and n has three voltage levels i.e. Van= Vdc/2, 0 or -Vdc/2. For voltage level Vdc/2, switches S1 and S2 need to be turn on and for the -Vdc/2 voltage switches S1" and S2" should be turn on and for the 0 level either pair (S1 S1") or (S2 S2") needs to be turn on. Clamping capacitor C1 is charged when S1 and S1" are turned on, and discharged when S2 and S2" are turned on. The charge of C1 can be balanced by proper selection of the 0-level switch combination. The major problem in this inverter is the requirement of large number of storage capacitors. If the voltage rating of each capacitor is same as that of the main power switch then an m-level converter will require a total of (m-1)*(m-2)/2 auxiliary capacitors per phase in addition to (m-1) main dc bus capacitors. When number of levels increase, the system will be more difficult to package and more expensive. The inverter control will be very complicated.
C. Cascade multilevel inverter
Cascade multilevel inverters are increasingly regarded in high power applications due to its direct high voltage output with no need of transformer. Its other advantages are also discussed in [25] [26] . An m-level cascade multilevel inverter consists of (m-1)/2 single-phase full bridges in which each bridge has its own separate dc source. This inverter can generate almost sinusoidal waveform voltage with only one time switching per cycle as the number of levels increase. It can solve the size-and-weight problems of conventional transformer-based multipulse inverters and the component-counts problems of multilevel diode clamped and flying-capacitor inverters. In Fig.7 . (a) cascade multilevel inverter is shown. It consists of three single phase full bridges connected in series in this configuration [27] - [30] . If S is equal to number of full bridge cells then the number of output levels is 2S+ 1. with S=3 there will be seven levels in phase voltage and peak magnitude is SVdc .. For active power filter application there is no need of active power output from the inverter. So separate dc source for each converter bridge is not required. The APF will draw small power from source to compensate the switching losses and capacitor losses.
Cascade inverters are again modified to reduce number of devices for the same level of output known as hybrid asymmetric multilevel topologies as in [31] [32] . In the hybrid topologies each dc source drives a different voltage level, due to these characteristics, they are named asymmetric. The hybrid concept is related to power switching devices that are used in each inverter. Each inverter cell operates at different voltage and switching frequency. The converter with higher dc voltage operates at lower switching frequency and GTO can be used as switching device while the converter with lower voltages can operate at higher switching frequency and for that IGBT is a suitable device. Defining S as the cell number and n=1, 2,…S, the hybrid topologies are classified as follows [33] [34].
1) Hybrid Multilevel Inverter With 2s-n vdc Factor Fig.8 . shows the power structure of a single phase hybrid asymmetric multilevel inverter with the cells in cascade. The magnitude of dc voltage sources increases by factor 2s-n . The peak magnitude in the output is given by (2S -1)*Vdc . The output waveform has number of levels equal to (2S+1 -1). For S=2 number of levels are seven. 
2) Hybrid Multilevel Inverter With 3 S-N V DC Factor
In this dc sources used are 1Vdc, 3Vdc, 9Vdc and number of output levels is equal to 3S. For S=2 the number of levels obtained is nine and voltage levels are +-4Vdc, +-3Vdc, +-2Vdc, +-1Vdc and 0. The maximum output voltage peak is given by ((3S -1)/2)*Vdc. Fig.9 . shows a hybrid topology and output waveforms. Moreover, to obtain a uniform step multilevel inverter, the dc voltage sources of the H-bridge cells must also respect the following relation [35] [36] Vj 1+2 j=2, 3… n
Where it is also considered that the dc voltage sources are arranged in an increasing way that is V1≤ V2≤ V3≤ ….≤ Vn. Therefore maximum number of levels of output phase voltage waveform can be given by The different topologies of multilevel inverter are discussed. Among this cascade multilevel inverters are most useful for harmonic and reactive power compensation in high voltage system as it solves the size-and-weight problems of conventional transformer-based multipulse inverters and the component-counts problems of multilevel diode-clamped and flying-capacitor inverters. Fig.10 shows the three phase multilevel inverter used for active power filter application. In this Is is the AC source current, IL is nonlinear load current where three phase diode rectifier with R-L load is used as nonlinear load, If is the compensated current from APF then
In operation of APF, the harmonic component of load current is derived through harmonic detection circuit and reverses it as the reference compensated current. Then switching signals for multilevel inverter are generated such that AC side output current of APF correctly trace reference current and provides the harmonic current of the load so that source current will be free from harmonics and approaches towards pure sinusoidal [6] . In this application there is no need of active power output from the inverter. So separate dc source for each converter bridge is not required. The APF will draw small power from source to compensate the switching losses and capacitor losses in the inverter. DC voltage of each converter should be balanced and to achieve it, the capacitor voltages are sensed and compared with reference and the error is fed to PI controller to generate loss component of APF. This component is added to fundamental load current component which is obtained by average load power. The total current is compared with source current to generate reference currents.
III. CONTROL STRATEGIES
The control methodology of APF is key element for its successful performance in mitigating the harmonics and is implemented through three steps.
Step1 Signal Conditioning Step2 Estimation of compensating signal Step3 Generation of firing signals for switching devices
A. Signal conditioning
In order to implement the control algorithm, on line measurement of various voltage and current signals such as ac mains voltage, DC link voltage, load, source and filter currents are required. Available advanced sensors have offered great ease of accurate signal conditioning. These signals are also useful to monitor, measure and record various performance indexes, such as total harmonic distortion (THD), power factor, active and reactive power, crest factor etc.
B. Estimation of Compensating Signals
Estimation of compensating signal is the most important part of the active filter control. It has great impact on compensation objectives, rating of active filter and its transient as well as steady state performance. There are different approaches for extracting current or voltage harmonics from the corresponding distorted current or voltage.
1) Frequency-Domain Approach
Fourier transform is applied to the captured current or voltage signal. Compensating harmonic components are separated by eliminating the fundamental component and inverse Fourier Transform is applied to derive compensating reference signal in time domain. The main disadvantages of this technique are the time delay for sampling and computation of Fourier coefficients. Most of the frequency domain technique depends on FFT for disturbance extraction and does not give any indication about time and needs at least one cycle to extract any disturbance. This makes it difficult for real time application with dynamically varying load.
2) Time-Domain Approach
Time domain approach is based on instantaneous derivation of reference signal in the form of either current or voltage signals from distorted signals. There is large number of techniques available in time domain. a) Instantaneous Reactive power Theory:
The instantaneous active and reactive power theory has been widely used method for estimation of compensating signals. Akagi et. al. in [37] have presented a new instantaneous reactive power compensator comprising switching devices without energy storage components, based on this theory. This theory is further used for the control of shunt and series filters [38] [39] . The "p-q" theory is based on the αβo transformation which transforms three phase voltages and currents into the αβo stationary reference frame. From these transformed quantities, instantaneous real and reactive power of the load is calculated which consists of DC component and an oscillating component. The oscillating component is extracted using high pass filter and taking inverse α-β transformation compensating command signals in terms of either currents or voltages are derived [40] - [44] .
The three phase voltages and currents are transformed into α-β orthogonal coordinates according to the equations (4) and (5) [45] - [46] . These currents are compared with source currents and error is processed through PI controller to generate reference currents for APF. The block diagram of the control scheme of shunt active power filter is shown in Fig.11 . The advantage of p-q theory is that real and reactive powers associated with fundamental components are dc quantities. These quantities can be extracted with low pass filter. Since the signal to be extracted is dc, α-β reference frame is insensitive to any phase shift errors introduced by low pass filter, improving compensation characteristics of the active power filter [47] . The limitation of this theory is the requirement of pure sinusoidal supply voltages which are not true in general. In most industrial power system mains voltages are often unbalanced and distorted. Also the implementation is complex as it requires more hardware.
Several other improved algorithms are proposed for the control of active filters but most of them are very complicated and not easy to implement. Furuhashi et.al [48] , presented a study on the theory of instantaneous reactive power, but did not considered the active alternating power and zero sequence power accurately. Watanabe et.al. [49] have explained the physical meaning of real and imaginary powers. It is also presented physical meaning of the zerosequence instantaneous power and analyzed the concept of symmetrical components in unbalanced systems.
A generalized theory of instantaneous reactive power has been proposed for three phase power systems [50] . This theory is valid for sinusoidal or non-sinusoidal, balanced or unbalanced three phase systems, with or without zero sequence currents or voltages. Definitions of the active and reactive power, active and reactive current, power factor etc. are presented and their properties, relationships and physical meanings are also described in detail. [51] which can be separated using notch filters. To implement the synchronous reference frame some kind of synchronizing system (PLL) should be used. The system is very stable as controller handles only dc quantities.
c) Average Power Method
In [52] [53] the reference peak source current has two components. One is fundamental active power component of load current and computed from average load power (Ps). The second component of source current is to maintain the average capacitor voltage to desired value. This later component of source current is to feed the losses in the converter such as switching loss, ohmic loss and capacitor leakage loss in the steady state and to maintain the stored energy on the dc bus during transient conditions such as sudden fluctuations of load etc. this component of source current is computed using dc bus capacitor value (Cdc), average voltage of dc bus (Vdc) and a chosen reference voltage of dc bus (Vdc*). The error voltage is given to P I controller to generate loss component I*smd`
The reference value of the current component to the load I*smp is computed using the sensed average load power Pave. The sensed load currents (iLa,iLb,iLc) and bus voltages (va, vb, vc) through PLL are used to derive the instantaneous power pL as given by
The average power Pave is calculated by averaging instantaneous power over one sixth of time period of supply frequency [8] . The peak current component of load current I*smp is calculated using following relation 1.5* * * ave pk smp
The reference value of peak current required to provide the losses in APF is I*smd and obtained by comparing the reference voltage and actual capacitor voltages. The actual capacitor voltage is average voltage of capacitors used in each phase. The estimation of I*smd is shown in Fig.5 . The total peak reference source current I*sm is computed as sum of these two components. The three phase instantaneous reference source currents (i*sa ,i*sb, i*sc) are computed by multiplying peak value I*sm with unit current templates (usa, usb, usc) derived from sensed bus voltages (va, vb, vc) . The desired references of the APF currents( i*ca ,i*cb,i*cc) are computed by taking the difference between the three phase instantaneous reference source currents(i*sa, i*sb, i*sc) and actual source currents( isa ,isb ,isc) as below i*ca= i*sa-isa (11) i*cb=i*sb-isb (12) i*cc=i*sc-isc (13) These reference currents are compared with triangular carriers to generate switching signals. The block diagram for reference current generation is shown in Fig.12 . In [54] the peak reference source current is determined from the viewpoint of energy balance in source, load and APF. In case of distorted supply voltage, the fundamental positive sequence voltage of supply voltage is extracted to synchronize the compensation current reference. In [45] to overcome the limitations of p-q theory in active power filter, the synchronizing PLL circuit determines quickly the frequency and phase angle of the fundamental positive sequence component of the measured load currents. The algorithm is based on instantaneous active three phase power expression. The number of equations is reduced and also only load current measurements are required and not supply voltages.
C. Generation of switching signals.
The APF switching signals are derived by comparing reference source currents and the sensed actual currents in a current controller. Different approaches such as hysteresis controller, predictive controller and SVM are used.
1) Hysteresis -Band Current Controller:
In this method the actual current continually tracks the command current within hysteresis band. Preset upper and lower tolerance limits are compared to the extracted error signal. As long as the error is within the tolerance band, no switching action is taken. Switching occurs whenever the error leaves the tolerance band. The hysteresis current control is the fastest method with minimum hardware and software. Generally, hysteresis based current controller is used. But in this, switching frequency is not constant and causes more switching losses which limits its use in high frequency and high voltage applications.
2) Carrier Phase Shifted PWM (CPS-PWM) Wang Liqiao et.al. [55] have used carrier Phase shifted PWM in shunt active power filter based on five level cascade converter. In the phase shifted multicarrier modulation all triangular carriers have same frequency and the same peak to peak amplitude but there is a phase shift between any two adjacent carrier waves of magnitude given by
where m is the voltage levels of multilevel inverter. Gate signals are generated by comparing the modulating wave with the carrier waves. The carriers Tw1 andTw2, with 900 phase shift are used to generate gating for the upper switches in left legs of power cells H1 and H2 respectively in five level cascade converter based active power filter. The inverted signals are used for upper switches in the right legs. The gate signals for all lower switches operate in a complementary manner with respect to their corresponding upper switches.
In this PWM method the equivalent switching frequency of the whole converter is (m-1) times as the each power device switching frequency. This means CPS-PWM can achieve a high equivalent switching frequency effect at very low real device switching frequency which is most useful in high power applications [56] - [59] .
3) Predictive Control
In [60] a control strategy based on dynamic programming control is presented in which the reference current of the APF for specified future time period is predicted. A. M. Massoud et al. [61] have used the measured supply currents and voltages of common coupling point to predict the reference output voltage of the inverter, required to make the measured current reach its reference at the next sampling instant. Two popular approaches to prediction or forecasting problems are statistical time series modeling method and the use of neural networks. Estimation of reference signal at next sampling value is obtained by rotating the present sampling value through an angle in α-β plane using the rotation matrix. The first approach is rather complicated and amount of computation is large. On the other hand ANN offers fast computation speed because of parallel nature and adaptability to changing parameters. In spite of the superior performance the predictive controllers have drawbacks that they require considerable calculations and a good knowledge of system parameters is critical for their implementation [62] .
4) Space Vector Modulation
The weakness of hysteresis controller can be overcome by conjunction of the space vector modulation technique to the controller. SVM was first introduced by German researcher in the mid of 1980s. This technique showed several advantages over PWM technique. SVM technique can maximize the output voltage and also reduce the switching number at the same carrier frequency of the PWM method. It gives very low value of output voltage THD. The space vector modulation technique is a fixed frequency approach [63] - [67] M.I. Marei et. al [68] have presented SVM based hysteresis current controller which combines advantages of both SVM and HCC. The proposed current control block is composed of SVM scheme combined with the HCC switching Technique. The harmonic reference currents acquired from the load current are compared with actual harmonic currents generated by the APF. If there is any discrepancy, then the current error signal has to be fed to the SVM based HCC control block in order to modify switching signal. In the recent literature over modulation for multilevel inverters has been reported. In [69] McGrath explains the behavior of the multilevel carrier based PWM methods for diode clamped, cascade and flying capacitors topologies in over modulation region. In Mondal [70] performs SVPWM based over modulation on a three level NPC inverter. The on time calculation equations differ for every triangular section at any modulation index. Due to increased computational complexity, it is cumbersome to extend this scheme to n-level inverter (n>3). Gupta et.al. [71] have proposed a general SVPWM algorithm for multilevel inverters based on standard two-level SVPWM. A simple method of calculating on-times, based on on-time calculation for two levels SVPWM is used for n level inverter and complexity of computation is reduced.
The implementation of MLI based active power filter in high voltage system is validated by simulation results. Fig.13 shows waveforms of supply voltage, nonlinear load current, filter current and source current after compensation. The supply line voltage is 11000 Vrms and nonlinear load is three phase uncontrolled bridge converter with R-L load on dc side. Fig. 14 shows the frequency spectrum of load current and source current after compensation. The load current THD is 24.56%. and supply current THD reduces to 1.95% after compensation which is within IEEE standard recommendations. Thus it proves that MLI based APF compensates harmonics successfully in high voltage systems without use of high rating coupling transformer. An extensive review of MLI based APF"s has been presented to provide a clear perspective on various aspects of the APF to researchers and engineers in this field In high and medium voltage system, multilevel inverter based active power filter is an attractive alternative for harmonic compensation as it does not require coupling transformer. Cascaded inverter is a most suitable and competitive configuration among all the available topologies of multilevel inverter.
Generation of reference supply current is important as compensation performance depends on it. There are different techniques to generate reference signal in Frequency domain and Time domain. There exist different modulation techniques for multilevel inverters such as hysteresis controller, predictive controller and SVM. Space vector Modulation technique is considered as one of suitable methods as it gives low switching losses and good capacitor voltage balancing.
